The vast majority of processes within the cell are carried out by proteins working in conjunction. The Yeast Two Hybrid (Y2H) methodology allows the detection of physical interactions between any two interacting proteins. Here we describe a novel systematic genetic methodology: "Reverse Yeast Two Hybrid Array (RYTHA)", that allows the identification of proteins required for modulating the physical interaction between two given proteins. Our assay starts with a yeast strain in which the physical interaction of interest can be detected by growth on media lacking histidine, in the context of the Yeast Two Hybrid (Y2H) methodology. By combining the synthetic genetic array (SGA) technology, we can systematically screen mutant libraries of the yeast Saccharomyces cerevisiae to identify trans-acting mutations that disrupt the physical interaction of interest. We apply this novel method in a screen for mutants that disrupt the interaction between the N-terminus of Elg1 and the Slx5 protein. Elg1 is part of an RFC-like complex that unloads PCNA during DNA replication and repair. Slx5 forms, together with Slx8, a SUMO-dependent Ubiquitin Ligase (STUbL) believed to send proteins to degradation. Our results show that the interaction requires both the STUbL activity and the PCNA unloading by Elg1, and identify Top1 DNA-protein crosslinks as a major factor in separating the two activities. Thus, we demonstrate that RYTHA can be applied to gain insights about particular pathways in yeast, by uncovering the connection between the proteasomal ubiquitin dependent degradation pathway and DNA replication and repair machinery can be separated by the Topoisomerase-mediated crosslinks to DNA.
INTRODUCTION
Proteins control all biological systems in the cell, and while some perform their functions independently, the vast majority of proteins interact with others for proper biological activity.
Protein-protein interactions (PPIs) facilitate most biological processes including the formation of cellular macromolecular structures and enzymatic complexes, gene expression, cell growth, proliferation, nutrient uptake, morphology, motility, intercellular communication and more.
The importance of PPIs led to the development of many technologies to detect them, and to the first system-level maps of the protein interactomes. For eukaryotes, the most popular experimental platform for large-scale analysis of PPIs is the yeast, Saccharomyces cerevisiae.
Protein complexes have been characterized in yeast using affinity purification followed by mass spectrometry (AP/MS) (HO et al. 2002) . Other approaches, such as fluorescence resonance energy transfer (FRET) (JARES-ERIJMAN AND JOVIN 2006), protein-fragment complementation assay (PCA) (MICHNICK et al. 2010) , and high-throughput yeast two-hybrid (Y2H) analyses (UETZ et al. 2000) have been used to identify binary interactions. The systematic unbiased utilization of these methods led to various maps of the protein interactome of yeast, and later of several additional model organisms (UETZ et al. 2000; TARASSOV et al. 2008; BABU et al. 2009 ).
Whereas all these methodologies enable the detection of interactions between any pair of proteins, comparable methods to identify mutants that cause dissociation of particular protein interactions are harder to find. The identification of trans-acting mutants that dissociate a particular PPI is valuable for unraveling important regulatory mechanisms, and for defining the biological effect of a specific perturbation. To address this issue, we recently developed a systematic approach termed reverse PCA (rPCA) , that allows the identification of such dissociation events for genes that were specifically identified to interact by the PCA (LEV et al. 2013; LEV et al. 2014; KEREN-KAPLAN et al. 2016) . However, since the PCA or the Y2H are not compatible, and for the same query proteins there is only ~30% overlap between the list of physical interactors obtained by the two methods (YU et al. 2008 ) it would not be effective to identify the mutants that reverse the PPIs that were specifically identified in a Y2H assay by rPCA.
In this report, we describe the "Reverse Yeast Two Hybrid Array" (RYTHA), which combines the Y2H, and the synthetic genetic array (SGA) methodologies (TONG and BOONE 2006) . 1989; UETZ et al. 2000) , uses the transcription factor GAL4 (necessary for activating GAL genes, which are required for utilizing galactose as a carbon source). Two different plasmids were engineered to produce protein products in which the GAL4 DNA-binding domain (BD) fragment is fused to one protein, while another plasmid is engineered to produce a protein product fused to the GAL4 activation domain (AD). The protein fused to the BD is referred to as the 'bait', and the protein fused to the AD as the 'prey'. If the 'bait ' and 'prey' proteins interact, then the AD and BD of the transcription factor are indirectly connected, bringing the AD in proximity to the transcription start site, and the transcription of a reporter gene (e.g.: HIS3) can occur (FIELDS AND SONG 1989) . In this way, a successful interaction between the fused proteins is linked to a change in the ability to grow on medium lacking histidine.
The yeast two-hybrid system (Y2H) which was first devised by the Fields lab (FIELDS AND
The SGA methodology, which was designed by the Boone lab, allows the selection of particular MATa meiotic progeny from a sporulating diploid culture (TONG AND BOONE 2006) . Specifically, if both MATa and MATα meiotic progeny (haploid spores) are induced to germinate, then haploid cells can mate with one another and generate heterozygote diploids.
The presence of the haploid selection marker (HSM) ensures the germination of a single mating type by fusing a reporter open reading frame (URA3 in our case) to a haploid mating typespecific promoter (STE1pr-URA3), which, in our case, has been integrated at the CAN1 locus (can1∆::STE1pr-URA3). MATa cells carrying STE1pr-URA3 are able to grow on medium lacking uracil, whereas MATα and MATa/α cells carrying STE1pr-URA3 are unable to do so because the expression of STE1pr-URA3 is repressed in these cells. Because only a fraction (~10%) of the heterozygous diploids enter meiosis, rare mitotic crossover events can contribute to false negative scores, as a MATa/a diploid (derived from a MATa/α cell) behaves like a MATa haploid, expresses STE1pr-URA3, and carries other selected markers. To avoid this complication, two recessive markers that confer drug resistance, can1∆ and lyp1∆, were added.
The CAN1 gene encodes an arginine permease that allows canavanine, a toxic analog for arginine, to enter and kill cells. Similarly, the LYP1 gene encodes a lysine permease that allows thialysine, a toxic analog for lysine, to enter and kill cells. Including can1∆ and lyp1∆ into the query strain means that MATa/a diploid cells are killed by canavanine and thialysine because they carry a wild-type copy of the CAN1 and LYP1 genes (KUZMIN et al. 2014) .
The combination of Y2H and SGA approaches allows to systematically screen mutant libraries of the yeast Saccharomyces cerevisiae to identify those mutations that disrupt the physical interaction of interest. We demonstrate the feasibility of this approach by applying it to the discovery of mutants that dissociate the interaction between Elg1, a subunit of an alternative replication factor C (RFC) complex (KUPIEC 2016) , and Slx5, a subunit of the Slx5-Slx8 SUMO-targeted ubiquitin ligase (STUbL) (II et al. 2007a) . Analysis of the screen's results assigned Elg1 and Slx5 to the topoisomerase I-mediated DNA-protein crosslink repair process, a role that was unknown for both of these genes until today. This example demonstrates that RYTHA can be applied to gain insights about particular pathways in yeast.
MATERIALS AND METHODS

Strains and plasmids
All the strains used in this study are isogenic to BY4741, BY4742, or BY4743 (BRACHMANN et al. 1998) . The relevant genotypes are presented in Suppl. Table 1 , together with all plasmids used. Gene deletions were generated using one-step PCR-mediated homologous recombination as previously described (LONGTINE et al. 1998; GOLDSTEIN AND MCCUSKER 1999) . To construct the YSB49 query strain, we replaced the genes GAL4 and GAL80 with HygB and NatMX markers (gal4::HygB gal80::NatMX) from the strain Y9230 (MATα ∆can1::STE2pr-URA3 ∆lyp1ura3∆0 leu2∆0 his3∆1). A cross to BY4741 resulted in the formation of YSB28 (MATα Δcan1::STE2pr-URA3 Δlyp1 his3Δ1 Δleu ura3Δ0 Δmet15 gal80::NatMX gal4::HygB). To add the LYS2::GAL1pr-HIS3 Y2H reporter gene, YSB28 was mated to the original Y2H strain pJ69 (JAMES et al. 1996) . Diploid selection, sporulation and tetrad dissection resulted in YSB49 (MATα lyp1Δ his3Δ leu2Δ0 ura3Δ met15Δ LYS2::GAL1p-HIS3 (veryfied by PCR) gal80::NatMX gal4::HygB trp1Δ901 CAN1).
Prior to mating with the RYTHA mutant collection (RMC), YSB49 is transformed with the Y2H LEU2 and TRP1 plasmids expressing the interacting GAL4 AD and BD fusion proteins of interest.
To generate the RMC strains we systematically mated the commercial deletion collection strains (MATa his3Δ leu2Δ met15Δ ura3Δ zzz::KanMX) to YSB110 , and used the SGA approach to obtain the intermidate RMC library strains 
Two hybrid assay
To detect two hybrid interactions, yeast strain PJ69 (FIELDS AND SONG 1989; JAMES et al. 1996) was co-transformed with a LEU2-marked plasmid containing genes fused to the GAL4 activating domain (pGAD424) and a plasmid containing genes fused to the GAL4 DNA binding domain (pGBU9). Yeast cultures were grown in SD-URA-LEU medium and spotted on SD-URA-LEU-plates, and SD-HIS plates containing different concentrations of the histidine antagonist 3AT: 0.5mM, 0.8mM and 1mM. Cells were incubated for 3 days at 30 o C.
Media and growth conditions
Saccharomyces cerevisiae strains were grown at 30°C, unless otherwise specified. Standard YEP medium (1% yeast extract, 2% Bacto Peptone) supplemented with 2% galactose (YEPGal), or 2% dextrose (YEPD) was used for nonselective growth.
The medium used in the RYTHA analysis was a modification of the medium used for SGA 
Data analysis, filtering and quality assessment
Plates were scanned using HP Scanjet G4010 scanner and converted to JPG images with the resolution of 300 dpi. The 'BALONY' automated computer-based scoring system was used to analyze digital images of colonies to generate an estimate of the relative growth rate based on pixel density (YOUNG AND LOEWEN 2013) . Colony size on the control histidine-containing medium depends on the growth rate of the individual mutant strains. Control colonies of size less than 80 pixels were disregarded as being too small to be a reliable control reference. Next, the scores for each deletion mutant were estimated by calculating the ratio of the colony size grown on the medium lacking histidine (with or without 3-AT), divided by the value obtained on histidine containing medium (termed as: "-HIS ratio" and "3AT ratio"). The ratio scores were normalized by the mean of each plate to eliminate systematic plate-to-plate effects.
Normalized ratio scores were sorted in ascending order obtaining a RANK for each normalized ratio score. The median rank was calculated out of all valued repeats of "-HIS" and "3AT" experiments. If there were less than two valid repeats, the score of the gene was discarded as not reliable. Mean values between "-HIS" and "3AT" final scores were calculated and ranked in ascending order. All dubious ORFs were excluded from the list. Top rated candidates were considered to affect the studied PPI (~1.5% of the assayed genes). As a cutoff, we considered all candidates above the last of the histidine biosynthesis genes in our list. Other cutoffs are possible (e.g. by percentile).
Between Values (BV) was calculated as directed in the EasyNetwork database:
http://www.esyn.org.
Data availability: All the data is available at: (https://www.benaroyalab.com/rytha).
.Western Blotting:
Western blotting and quantification were performed as described previously. Antibodies used for Western blotting were mouse polyclonal anti HA (sc-7392, Santa Cruz).
RESULTS and DISCUSSION
In the Y2H system the interaction between two given proteins is selected by the ability of strains to grow on a medium lacking histidine (SD-HIS). The "reverse yeast two hybrid array" (RYTHA) combines the Y2H (FIELDS AND SONG 1989) , and the SGA methodologies (TONG et al. 2001) , and enables a system-level detection of trans-acting proteins that, when mutated, cause a dissociation of this interaction. Starting with two proteins found as interactors in the Y2H assay, we identify mutants that cause a reduction in the expression of the reporter gene HIS3, and thus a growth defect on a medium lacking histidine (SD-HIS).
The RYTHA query strain and the RYTHA deletion mutant collection (RMC).
The MATα query strain (YSB49) carries two plasmids, which express the fragments of GAL4 DNA binding domain (BD), and the activation domain (AD), fused at the N-terminus of two interacting proteins (X, and Y), and marked with the auxotrophic markers, TRP1, and LEU2
respectively. We also replaced the genes GAL4 and GAL80 with HygB and NatMX markers (gal4::HygB gal80::NatMX), and added a construct of the Y2H reporter gene GAL1-HIS3
linked to the LYS2 locus, and the ∆lyp1 recessive markers, that confers resistance to thialysine ( Figure 1A ). Since the genetic background of YSB49 is a modified version of the original Y2H strain (PJ69) (JAMES et al. 1996) , we show that the two well characterized Y2H interacting proteins AD-MEC3 and BD-RAD17 (KONDO et al. 1999) , can activate the reporter gene HIS3 in both strains. ( Figure 1C ).
The query strain was crossed to an ordered array of a modified version of the commercial yeast deletion mutant collection (see below for more details). The yeast deletion mutant collection
consists of approximately 4700 strains, each carrying the strain BY4741 auxotrophic markers (MATa/ ura3∆0/ leu2Δ0/ his3Δ1/met15Δ0 ), and a gene deletion mutation linked to a KanMX marker, which confers resistance to the antibiotic geneticin (G418) (BRACHMANN et al. 1998; GIAEVER et al. 2002) . To make the deletion collection compatible with RYTHA, we generated the "RYTHA deletion mutant collection" (RMC) ( Figure 1B ). To this end, we systematically modified each of the 4700 deletion strains as follows: (i) To enable selection of the TRP1-marked GAL4-BD plasmid we replaced the TRP1 gene (the BY4741 strain is prototroph to tryptophan) with the gene MET15 (trp1::MET15).
(ii) The YSB49 query strain contains the Y2H construct with the reporter HIS3 gene linked to the LYS2 gene. To enable selection of this construct during the RYTHA final selection step (see below), we replaced the LYS2 gene (the BY4741 strain is prototroph to lysine) with the gene ble (GATIGNOL et al. 1987) , which confers resistance to the antibiotic Phleomycin, (lys2:: ble). (iii) As mentioned above, YSB49 carries deletions in the genes GAL4 and GAL80. In order to facilitate the RYTHA's final selection step, we deleted these genes from the deletion collection (gal4::HygB and gal80::NatMX). (iv) The query strain YSB49 is deleted for the LYP1 gene (lyp1Δ), a useful SGA selection tool. We added the other SGA marker can1Δ::STE1pr-URA3 to the RMC strains.
These four genetic modifications were introduced into each one of the 4700 RMC strains by crossing the yeast deletion collection (via SGA) with appropriate intermediate strains (see
Materials and Methods for details).
RYTHA-A method for detecting trans-acting mutations dissociating a specific proteinprotein interaction.
Using the SGA methodology, the MATα query strain (YSB49) AT can also be used for higher stringency of selection.
To assess the level of cell growth, plates are scanned and colony growth is assessed by using an automated computer-based scoring system ('BALONY'). This system analyzes digital images of colonies to generate an estimate of the relative growth rate based on pixel density (YOUNG AND LOEWEN 2013). Impaired PPI is scored when the colony size on the -HIS medium was significantly smaller than that on the control (+HIS) array (Figure 2 , step 4, indicated by black arrows, and red circles in Figure 2B ).
Although not carried out here, it is also possible to look for mutants that promote the interaction between the two proteins studied, and thus rank last in the interaction score described.
Genome-wide RYTHA screen
To demonstrate the feasibility and the specificity of the RYTHA methodology, we performed two systematic RYTHA screens:
1) A control HIS3 RYTHA screen
This first control screen was performed with a query strain that contains a fully functional HIS3 gene, and thus can grow on -HIS plates independently of the Y2H HIS3 reporter gene. This screen thus aimed at uncovering possible false positive hits. The only mutants identified in the control HIS3 screen were the expected genes, involved in the histidine biosynthesis pathway (HIS1-HIS7) and represent the set of false-positives that should be identified in all RYTHA future screens.
2) RYTHA enables systematic identification of mutants that mediate the interaction between Elg1-BD and Slx5-AD
The Slx5/Slx8 heterodimer is a SUMO-dependent Ubiquitin Ligase (STUbL) (COOK et al.
2009). Mutations in SLX5 or SLX8 lead to the accumulation of high molecular weight
SUMOylated substrates, suggesting a role for this complex in marking SUMOylated proteins for degradation (WANG et al. 2006; II et al. 2007b; UZUNOVA et al. 2007 ). Δslx5 and Δslx8 cells exhibit increased genomic instability, manifested by an increase in gross chromosomal rearrangements, sensitivity to DNA damaging agents, increased mutation rates and cell cycle delay (WANG et al. 2006; ZHANG et al. 2006; BURGESS et al. 2007; NAGAI et al. 2011) . The human orthologue of Slx5/Slx8, hRNF4, undergoes dimerization and activates its E3 activity in the presence of SUMO chains (ROJAS-FERNANDEZ et al. 2014) . Thus, the ubiquitin E3 ligase activity of Rnf4 is directly linked to the availability of its polySUMO substrates.
Ubiquitin and SUMO also play a role in the choice of DNA repair pathway: PCNA, the ring that slides along the DNA strand during replication, undergoes either ubiquitination or SUMOylation; these modifications have a role in directing the cell towards one of the DNA damage bypass or repair pathways [(MOLDOVAN et al. 2007) ; reviewed in (GAZY AND KUPIEC
2012)].
PCNA is loaded and unloaded from the DNA by the RFC complex, a protein complex composed of five RFC subunits (Rfc1-5) (GAZY et al. 2015; KUPIEC 2016 ELG1 plays a role in many aspects of genome stability maintenance in yeast: deletion of the gene causes an increased rate of spontaneous recombination, gross chromosomal rearrangements, increased MMS sensitivity and elongated telomeres (BEN-AROYA et al. 2003; SMITH et al. 2004; SMOLIKOV et al. 2004 ). In addition, it exhibits physical and genetic interactions with a variety of genes from the replication and repair pathways, as well as the SUMO pathway (PARNAS et al. 2009; PARNAS et al. 2011) . The human ELG1 orthologue, ATAD5, was shown to be involved in the de-ubiquitination of PCNA and of the Fanconi Anemia FANCI/FANCD2 heterodimer, through its interactions with the de-ubiquitinating complex USP1/UAF1 (KEE AND D 'ANDREA 2010; LEE et al. 2013 ).
An unbiased yeast two hybrid screen, using Elg1's N-terminus as bait, identified Slx5 as a physical interactor of Elg1 (PARNAS et al. 2011) . We have previously established that the physical interaction between Slx5 and the N-terminus of Elg1 depends on the presence of intact SIMs (SUMO interacting motifs) in the two proteins, and is abolished by deletion of Siz2, the SUMO E3 ligase, or by expressing a SUMO protein that is unable to undergo polySUMOylation (smt3-3R) (PARNAS et al. 2011) . Taken together, these results imply that the physical interaction between the N-terminus of Elg1 and Slx5 depends on the formation of polySUMO chains to which both proteins attach through their SIM motifs. Further examination of the requirements for the physical interaction between the Slx5/8 complex and Elg1 might be a way to elucidate the complex physical and functional interactions between the replication fork and DNA repair mechanisms.
We carried out a RYTHA screen (Figure 1) (Tables 1, 2) . Importantly, this list included the deletion of SIZ2, which has already been shown to affect the Elg1-Slx5 interaction (PARNAS et al. 2011) . We divided the list of candidates into functional groups (Table 1) . This analysis revealed proteins that play a role in DNA replication and repair pathways, chromosome segregation and integrity, and protein modification. Additionally, we have identified genes that have a general role in protein transport, translation, RNA processing, and stress response.
Next, we analyzed our candidate list, by employing an unbiased bioinformatic tool, YEASTMINE (YM) (BALAKRISHNAN et al. 2012) to identify hub interacting genes/proteins which interact (physically or genetically) with a significant number of genes/proteins from our candidate list. After discarding six "sticky" proteins (with more than 100 partners), YM revealed 14 hub proteins (Suppl. Table 2 ).
As expected, the hub proteins are particularly enriched for those involved in DNA metabolism and genome stability. These proteins interact with each other and with the RYTHA hits to form a tight network (Figure 3 ) that includes both Slx5, Slx8 and Elg1. In order to find the most central node in this protein interaction network, we calculated the "betweeness value (BV)", a numeric value that reflects the importance of a certain node within a network (DUNN et al. 2005; JOY et al. 2005) . The protein that received the highest BV, and is thus considered as the most important protein in this network, is topoisomerase I (Top1) (Suppl. Figure 3 ).
Top1 is a highly conserved enzyme, which resolves DNA supercoils associated with transcription and replication (CHO et al. 2013) . In order to do so, Top1 covalently binds DNA and after relieving the supercoil tension, it re-ligates the DNA ends. Occasionally, the transient intermediate fails to be resolved, resulting in a DNA protein crosslink (DPC), which needs to be processed by DNA repair mechanisms to allow DNA replication (POMMIER et al. 2003) . In addition, Top1 was also shown to participate in the removal of ribonucleotides from genomic DNA, particularly in the absence of the main enzymatic complex involved in that process, RNase H2 (CHO et al. 2013; WILLIAMS et al. 2013; AMON AND KOSHLAND 2016) . In this process, Top1 serves as an endo-nuclease that cleaves the DNA strand where the ribonucleotide is incorporated ). These two Top1-mediated processes result in non-canonical ("dirty") DNA ends, which then need to be processed by additional DNA repair mechanisms.
Finding the connection between Elg1-Slx5 interaction and Top1-mediated DPC repair
In order to validate the results obtained by RYTHA, we deleted a subset of genes found in the RYTHA screen in a naïve Y2H strain (that was not created as part of the RYTHA procedure)
carrying Elg1 and Slx5-containing Y2H plasmids. Figure 4A shows representative drop assays on plates that lack histidine with and without different concentrations of the histidine antagonist 
3AT (see Materials and Methods
2014). It is still unclear whether Cdc48 is involved in the degradation of peptides that remain
after Wss1-mediated proteolysis or in preparing the DPC for Wss1 proteolytic activity.
WSS1 may be essential to allow Elg1-Slx5 interactions in two possible ways:
1. Physically: For example, the interaction between Elg1 and Slx5 may be mediated by a polySUMOylated Wss1.
Functionally:
The catalytic activity of Wss1 may be required to allow Elg1-Slx5 interaction.
In order to differentiate between these two options we used a protease-deficient mutant of WSS1 (MULLEN et al. 2010) , in which two point mutations abolish the protease activity of this enzyme (wss1-PD). Figure 4B shows that a plasmid carrying the wild type version of WSS1 is able to complement the Δwss1 mutant, restoring growth on plates without histidine. In contrast, when Wss1 is inactive (wss1-PD), it can no longer mediate the interaction between Slx5 and Elg1, despite similar levels of expression ( Figure 4C ). Thus, WSS1 protease activity is required for the Elg1-Slx5 interaction to take place.
UFD2:
A ubiquitin chain assembly factor, which promotes the formation of poly-ubiquitin chains (BOHM et al. 2011) . Similarly to Wss1, Ufd2 was shown to interact with the de-segregase Cdc48 and also with Rad23, a protein that interacts both with the ubiquitination machinery and with the proteasome (RICHLY et al. 2005; HANZELMANN et al. 2010) . Cdc48 binding to Ufd2 releases the interaction between Ufd2 and Rad23 and therefore releases the poly-ubiquitinated substrate from the ubiquitination machinery and into the pathway of proteasomal degradation (BAEK et al. 2011) . Since proteasomal degradation is a crucial step in the Wss1-mediated DPC repair, a deletion of Ufd2 should lead to an accumulation of unrepaired DPCs, much like a deletion of Wss1.
TDP1: Tdp1 is a Tyrosyl-DNA phosphodiesterase that catalyzes the hydrolysis of proteins that are covalently linked to the 3'-phosphate of DNA, including Top1-derived peptides (POULIOT et al. 1999) . TDP1 is conserved throughout evolution (GAJEWSKI et al. 2012 ) and inhibitors of the human enzyme are of major interest in cancer therapeutics. Inhibitors of Top1 that result in Top1-dependent DPCs are commonly used against cancer, and therefore Tdp1 inhibitors are likely to increase the efficiency of this kind of chemotherapy POMMIER 2013) .
A deletion of TDP1 is synthetically lethal with Δwss1 because they work in parallel in resolving the Top1-mediated DPCs (STINGELE et al. 2014) . As Δwss1, TDP1 deletion also reduced the interaction between Elg1 and Slx5. The reduction, however, was much milder in Δtdp1 than in ∆wss1 strains, indicating that Wss1 plays a more important contribution to the interaction between Elg1 and Slx5.
RNH201:
Rnh201 is the catalytic subunit of the Rnase H2 complex, which protects genome integrity by removing RNA nucleotides incorporated into DNA during replication and/or Okazaki fragment synthesis. (NGUYEN et al. 2011; WAHBA et al. 2011; AMON AND KOSHLAND 2016) . Rnh201 plays a key role in DNA damage response and DNA replication processes (ALLEN-SOLTERO et al. 2014) . It has been shown that in the absence of Rnase H2 activity the resolution of the DNA-RNA hybrids is performed by Top1, and hence, in the absence of Rnh201 there will be a higher level of ribonucleotide incorporation into DNA, and thus, a higher probability for Topoisomerase I activity and for the formation of Top1 adducts (POTENSKI et al. 2014) .
BUD16:
Bud16 is a key enzyme in the metabolism of the active form of vitamin B6. Mutations in this gene disturb the dTMP synthesis pathway, which in turn causes an increased rate of dUTP incorporation into DNA strands (KANELLIS et al. 2007) . This leads to an increased rate of DNA:RNA hybrids formation and genome instability. DNA:RNA hybrids require the activity of Top1 for repair and therefore in the absence of Bud16 there will probably be more
Top1 activity that will in turn lead to more Top1 mediated DPCs.
To summarize (Figure 4D ), the deletion of either UFD2, WSS1, TDP1, RNH201 or BUD16, is thus predicted to increase the rate of Top1 mediated DPCs occurrence.
Top1 dependency:
We reasoned that if the physical interaction between Slx5 and Elg1 takes place in the context of DPC repair, the phenotype monitored in our screen (abolishment of interaction between the two proteins) should be dependent on Topoisomerase 1 activity. We thus deleted TOP1 from the strains obtained in our screen and tested the Y2H interactions in the double mutants. Indeed, a deletion of TOP1 suppressed the reduced interaction phenotype of Δwss1, Δbud16 and Δufd2
( Figure 5A ). The phenotype of the Δtdp1 deletion was very weak and therefore we could not see a clear suppression effect in the double mutant (data not shown). Interestingly, deletion of TOP1 had no effect on Δsiz2 and Δrnh201 strains.
We conclude that the reduced interaction between Elg1 and Slx5 that is observed on the background of Δwss1, Δbud16 and Δufd2 depends on Top1 activity.
The interaction between Elg1 and Slx5 depends on the SLX STUbL and Elg1 activity and on PCNA modifications
In order to further elucidate the nature of the interaction between Elg1 and Slx5 we carried out additional analyses. Since the RYTHA screen and the Y2H validations were performed with the N terminus part of Elg1, we deleted the entire ELG1 gene from the genome of the Y2H
strain. This deletion abolished the interaction between Elg1 N-terminus and Slx5, implying that the interaction is not merely structural (for example, through the SIM motifs at the N terminus of Elg1), but it depends on the activity of the entire Elg1 protein. We also deleted Slx8, the partner of Slx5 in the SLX STUbL complex, and this deletion also abolished the interaction between Slx5 and Elg1's N terminus ( Figure 5B ). (The strain carrying a deletion of SLX8 was absent from our deletion collection and thus was not obtained as a hit in the RYTHA screen).
Taken together, the results imply that the interaction between Elg1 and Slx5 depends on Elg1 activity (possibly as a PCNA unloader) and on Slx5's STUbL activity, performed by the heterodimer Slx5-Slx8. Deletion of SLX5 had no effect, probably because the null allele was complemented by the full-length SLX5 gene expressed as a fusion from the Y2H plasmid.
Another important factor in figuring out the nature of the interaction between Elg1 and Slx5 is PCNA (PARNAS et al. 2010; PARNAS et al. 2011) . Slx5 was shown to interact with PCNA (PARNAS et al. 2011 ) and Slx5-Slx8 was shown to be recruited to DNA damage sites and to localize to replication forks (COOK et al. 2009; NIE AND BODDY 2016) . This may suggest a role for the SLX complex in the DNA repair process. We therefore decided to examine the effect of PCNA modifications on the Elg1-Slx5 interaction. Figure 5B shows that the Elg1-Slx5 interaction was impaired in the presence of a PCNA allele that is unable to undergo modifications (pol30-RR), suggesting that PCNA modifications are important for Elg1 and Slx5 interaction.
Taking all the observations together, our results suggest the following model ( Figure 5C ):
During DNA replication, the SLX and Elg1-RLC complexes meet, probably at replication forks, where they may collaborate in normal Okazaki fragment processing or in dealing with stalled replication forks. The activity of both the Elg1 RLC and the SLX STUbL ( Figure 5B) are necessary for the interaction. Another requirement for this interaction is PCNA SUMOylation, which seems to be a pre-requisite for efficient unloading by the Elg1 RLC (PARNAS et al. 2010 ) ( Figure 5B ). PCNA unloading by Elg1 may facilitate repair, whereas the SLX complex may play a role in completing it, probably by sending remaining peptides to degradation.
DNA-protein crosslinks (DPCs) created by Topoisomerase 1 activity, however, re-localize at least one of the two proteins, leading to their dissociation. It has been proposed that the Slx5/8
STUbL may participate in the relocalization of broken chromosomes to the nuclear periphery (NAGAI et al. 2008) . Alternatively, the separation could be due to topological changes caused by the DPCs, which interfere with passage of the fork. Mutations that prevent the repair of DPCs (e.g. wss1, tdp1, ufd2, or those that cause an increase in the level of DPCs (e.g. rnh201, bud16) thus lead to a dissociation between the two complexes ( Figure 5D ). The interaction is restored, at least in the case of wss1, tdp1, ufd2, upon removal (deletion) of Top1 ( Figure 4A ). Thus, as long as Top1 DPCs are not formed (in a top1 strain) or are rapidly processed (in a wt strain), Elg1 and Slx5 co-localize. Upon creation of DPCs, the two proteins separate.
CONCLUSIONS
In this paper we present a new methodology (RYTHA) that allows the systematic screening of a yeast deletion mutant library for mutants that lead to the dissociation of a physical interaction between any two proteins of interest. Our methodology is easy to implement, and can be modified to allow in the future more sophisticated features, such as conditional (e.g. cannot distinguish between these possibilities, because in all these cases, the output will be impaired growth on a media lacking histidine. The mechanism can be identified when combining GO term finder annotations, and further genetic and biochemical analyses. Indeed, using these approaches, we have discovered new relations between pathways in yeast, which has lead us to establish a connection between the proteasomal ubiquitin dependent degradation pathway and DNA replication and repair machinery. The Y2H methodology requires the two interacting proteins to be in the nucleus (in order to affect the transcription of the reporter gene)
even if the proteins are naturally located at the cytoplasm. Our list of candidates includes both nuclear and cytoplasmatic proteins, despite the fact that the query proteins were nuclear; thus RYTHA can be used to study any pair of interacting proteins. We believe that our research may lay the foundation for future comprehensive studies to study the effect of genetic perturbations on in-vivo PPI networks, and thus, is expected to promote further understanding of the eukaryotic interactome. (GAL1p) which is activated by the GAL4 transcription factor. GAL80
(another protein in the galactose utilization pathway) can binds to GAL4 and blocks transcriptional activation. We thus deleted the endogenous copies of the genes GAL4 and GAL80 (gal4Δ::NatMX, and gal80Δ::HygB). These genes were deleted from both the query Step 1: The MATα query strain is crossed to an ordered array of the MATa RMC strains, each strain carrying a gene deletion mutation linked to a kanMX marker (zzz::KanMX).
Step 2. The growth of the resultant zzz::KanMX/ZZZ heterozygous diploids is selected on a synthetic medium lacking leucine and tryptophan and supplemented with G418 (SD-LEU-TRP+G418).
Step 3. The heterozygous diploids are transferred to medium with reduced levels of carbon and nitrogen to induce sporulation and the formation of haploid meiotic spore progeny.
Step 4. Using the can1Δ::MFA1pr-URA3, and Δlyp1 SGA haploid selection markers (HSM) (not shown for simplicity), spores are transferred to a haploid selection medium (HSMed), i.e., SD lacking uracil, which allows for selective germination of MATa meiotic progeny, and supplemented with canavanine and thialysine, which allows for selective germination of meiotic progeny that carry the Δcan1 and Δlyp1 HSMs. To select for the GAL4-BD-X-TRP1/GAL4-AD-LEU2 plasmids, the HSMed lacks leucine and tryptophan. G418 was added to select for the gene deletion mutation.
Step 5 
Others
YLR023C
IZH3
Membrane protein involved in zinc ion homeostasis.
YDR393W
SHE9
Protein required for normal mitochondrial morphology. 
